Sound communication is not unique to humans and other mammals, but rather, is a trait shared with most nonmammalian vertebrates. The focus of our studies has been one species of sound-producing teleost fish, the plainfin midshipman (Porichthys notatus). Our research program has taken three principal directions: (1) functional organization of the vocal organ and brain circuitry establishing the physical attributes of vocalizations; (2) development of, and hormonal influences on, the expression of sexually dimorphic vocal traits; and (3) encoding of vocal signals by the peripheral and central auditory system.
Overview
Sound communication is not unique to humans and other mammals, but rather, is a trait shared with most nonmammalian vertebrates. The focus of our studies has been one species of sound-producing teleost fish, the plainfin midshipman (Porichthys notatus). Our research program has taken three principal directions: (1) functional organization of the vocal organ and brain circuitry establishing the physical attributes of vocalizations; (2) development of, and hormonal influences on, the expression of sexually dimorphic vocal traits; and (3) encoding of vocal signals by the peripheral and central auditory system.
Midshipman Fish: Spawning and Vocal Behaviors
The plainfin midshipman has a wide distribution along the western coastline of northern California and on into southern Canada. There are two male reproductive morphs, type I and type II, with distinct spawning and vocal behaviors (Brantley and Bass, 1994) . Type I males build nests under rocks in the intertidal and subtidal zones where they fertilize and then guard eggs deposited on the roof of their nest by females. In contrast, type II males gain access to gravid females and their eggs by essentially parasitizing the type I male's reproductive tactic. Thus, type II males lie perched outside of, or sneak into, a type I male's nest and shed sperm in an attempt to compete with the type I male for eggs; they do not build nests or guard eggs. Nesting type I males generate two classes of vocalization. Trains of short duration 150-ms grunts are produced at intervals of about 400 ms during defense of a nest against potential intruder males. Type I males also produce long-duration (minutes to over 1 hour), quasisinusoidal calls known as hums. The hum has a simple harmonic structure; the fundamental frequency is near 90-100 Hz with one or two prominent higher harmonics. During the breeding season, nesting males often cluster in groups of two or more and produce hums simultaneously. Observations of captive populations of nesting type I males, together with playbacks of natural or computer-synthesized acoustic signals through underwater loudspeakers, show that hums, but not grunts, can attract females to an artificial nest site (Brantley and Bass, 1994; McKibben et al., 1995) . Type II males and females have only been observed to produce isolated, low-amplitude grunts in nonspawning contexts.
Vocal Motor Circuitry
Anatomical and neurophysiological studies have identified a vocal control system in midshipman (Bass and Baker, 1990; Bass et al., 1994 Bass et al., , 1996a . The vocal organ consists of a pair of sonic muscles attached to the lateral walls of the swimbladder. Each sonic muscle is innervated by a single nerve formed by branches of the ventral occipital nerve roots that exit the hindbrain just caudal to the vagus nerve. The occipital nerves carry motor axons originating from two clusters (nuclei) of vocal motoneurons extending along the midline of the caudal hindbrain (medulla oblongata) and rostra1 spinal cord. Each motoneuron cell body (soma) has a single, unbranched axon that innervates muscle fibers located on the same (ipsilateral) side of the body axis, and a dendritic arbor that extends throughout both motor nuclei. Intracellular recording and staining studies have identified vocal pacemaker neurons that are ventrolateral to the motoneurons. The firing frequency of the pacemaker neurons is matched 1: 1 with that of the sonic motoneurons and, in turn, to the fundamental discharge frequency of the vocal motor volley as recorded intracranially from the occipital nerve roots. A single pacemaker neuron innervates the neurons in both motor nuclei, consistent with the hypothesis that their role is to synchronize the firing of motoneurons positioned on both sides of the brain. The latter, in turn, leads to the simultaneous contraction of both sonic muscles at a fundamental discharge frequency that establishes the fundamental frequency of vocalization.
Hence, there is a direct relationship between the rhythmic, patterned output of a pacemakermotoneuron circuit and the physical attributes of vocalization. Sex-and morph-specific vocal behaviors are reflected in a divergence of neurobiological and endocrinological traits, ranging from the size of the sound-producing (sonic) muscles to the rhythmic firing properties of vocal neurons (Bass, 1992 (Bass, , 1996 .
Encoding of Species-Specific Acoustic Signals
Among many species of teleost fish, acoustic signals are primarily encoded by fibers that innervate the sacculus division of the inner ear (Popper and Fay, 1993) . The most extensive studies of auditory coding in teleost fish have been carried out in the goldfish, Carassius atwatus (Popper and Fay, 1993) . Although goldfish have served as a useful model for identifying the general coding mechanisms utilized by the vertebrate auditory system, their lack of obvious vocal behavior makes it difficult to examine the coding and processing of behaviorally relevant stimuli, such as communication signals. A practical way to address questions of vocal signal coding has been to identify neural mechanisms in nonmammalian species that utilize acoustic communication signals in their social behavior; one such species is the midshipman fish.
A fundamental problem faced by the auditory system of any vocalizing species is the segregation and recognition of two concurrent vocal signals from independent sources. Midshipman are routinely faced with the acoustic problem of segregating concurrent signals when numerous males congregate during the breeding season and vocalize simultaneously.
Within a natural population, the fundamental frequencies (FOs) of individual hums differ within a range of about 10 Hz. The summation of two concurrent multiharmonic signals, such as hums that differ in their FOs, results in a complex sinusoidal waveform with multiple envelope periodicities at difference frequencies (dF) between ( 1) the FOs of each signal; (2) their higher harmonics; and (3) the FOs and higher harmonics. So far, we have assessed the encoding of simple beats produced by the summation of two tones near the FOs of natural hums with dFs less than 10 Hz. Playback experiments suggest that midshipman can discriminate and choose between two concurrent hums that differ in FO (McKibben et al., 1995 Phase-locking of spikes begins at lower intensity levels and seems to better encode signal frequency. Two tones at slightly different FOs (dFs of 2-20 Hz) were added to generate stimuli that mimic the simple acoustic beats that result from the overlap between the hums of Type I males. In response to simple beats, auditory afferents synchronize best to one of the two tones, usually the one with the lower FO. In general, synchronization to dF was much lower than to either of the two tones comprising the beat stimulus.
Auditory midbrain (Bass et al., 1996b; Bodnar and Bass, 1996; Bodnar et al., 1996) : In midshipman, as in other teleosts, the midbrain's torus semicircularis includes a nucleus centralis that receives input from hindbrain nuclei encoding acoustic information.
Multi-and single-unit recordings in the nucleus centralis show that the majority of auditory units exhibit changes in their spike rate with changes in frequency from 70 to 200 Hz. At least two types of units, tonic and phasic, are present. Tonic units respond throughout the duration ofthe stimulus, while phasic units respond only at stimulus onset. In response to simple beats with combinations of primary tones in the range of 80-100 Hz, a subset of tonic units are tuned to low frequency dFs (4-10 Hz); units exhibit low synchronization to individual tones. About half of the dF encoding neurons exhibit no significant change in their dF tuning with different primary tones. Thus, some units appear to be tuned to a specific dF, while in others, coding of dF and the FOs may be coupled.
In summary, the results suggest that a peripheral periodicity code of the individual components of a beat waveform is transformed into a midbrain dF code.
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